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ABSTRACT
In order to augment the supply of uranium for electricity generation, bioleaching is being considered for exploiting a low-grade uranium ore (with 0.024% U3O8 of Turamdih Mines, Jharkhand, India). This ore contains silicate and magnetite as the main minerals and uraninite and hematite as minor minerals. At NML, efforts have been made to use Acidithiobacillus ferrooxidans (Ac.Tf) initially on bench scale in shake flask and then in column to recover uranium. In shake flasks, ~98% uranium dissolution was achieved in 30days at 1.7pH, 35oC temperature and 20% (w/v) pulp density. In a laboratory scale column containing 2.5kg ore, uranium bio-recovery of 55.48% was obtained in 30 days at 1.7pH. To scale up the process, the bio-leaching experiments carried out on 80kg ore showed uranium recovery of 69.8% as against a recovery of 55.12% in control set at 1.7 pH in 50 days. Bio-recovery of uranium has been correlated with the change in redox potential (Eh) and ferric ion concentration.
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INTRODUCTION
The shortage of raw materials is one of the problems currently being faced world over and high-grade ore deposits are becoming rare. Processing of low-grade ores is thus gaining importance and bio-leaching is considered to be an option out of the available technologies in extractive metallurgy. Having proven the intrinsic worth of metal-solubilisation processes, implemented in past (Colmer et al 1947) for bacterial catalysis of iron oxidation and sulphuric acid formation in mine waters, bioleaching is no longer a newer technology but an economically alternate technique for treating specific minerals/ores (Rawlings et al 1995, Brombacher et al 1997). 
Uranium is one of the strategic metals needed to meet the demands of power generation. Due to the gap between demand and supply, efforts are being made to increase its production to contain the price hike. On the basis of data obtained from Uranium Information Centre, Australia, world's power reactors with combined capacity of nearly 370 GWe require about 68,000 T/yr of uranium. The current production level is insufficient to meet the demand especially with reference to India, as total annual production of uranium accounts for 1% of world production. To achieve the projected growth rate while meeting the energy needs of the country, primary energy supply must increase by 3 to 4 times of their 2003-04 levels. By 2031-32, power generation capacity must increase to nearly 8,00,000 MW from the current capacity of around 1,60,000 MW inclusive of all captive plants (Padmanabhan et al 2007). This requires extensive exploration and finding alternate routes to process available resources including that of uranium.
In conventional practice followed at UCIL-India, sulphuric acid is used as leachant for uranium extraction. By generalized chemical mechanism, U(VI) is solubilised from mineral matrix to form soluble uranyl sulphate as follows (Bhatti et al 1998): - 
UO3 + 3H2SO4                                         H4[UO2(SO4)3] + H2O                      (1)
Tetravalent uranium as UO2 is insoluble in dilute sulphuric acid and must be oxidized to uranyl ion for dissolution to occur. Molecular oxygen is relatively slow and inefficient oxidant (Merritt, 1971; Haque et al 1982). The oxidation of uraninite with sulphuric acid is slow; ferric ion accelerates its oxidative dissolution. Conventionally, sodium chlorate and pyrolusite are used as Fe2+-oxidising agents. But in presence of bacteria, addition of these chemical reagents can be avoided and through this the iron oxidation rate is accelerated by 105-106 times to that of oxygen thereby improving uranium dissolution (Muiioz et al 1995).
Acidithiobacillus ferrooxidans (Ac.Tf), an iron- and sulphur-oxidizing chemolithotrophic bacteria has played a major part in bio-hydrometallurgical extraction. Soluble iron species are the main determinants of redox potential contributing to high Fe3+/Fe2+ ratios. This organism uses the difference in redox potential between their Fe2+/Fe3+ and O2/H2O as their source of energy. At low pH (1.7-2.0), Ac.Tf converts Fe2+ to Fe3+ which chemically oxidizes sulphur present in the ore aiding auto-generation of acid (Mathur et al 2000, Abhilash et al 2006). 
The uranium bio-solubilisation in presence of Ac.Tf involves oxidation of pyrite and subsequent bio-oxidation of Fe(II).
                     Fe S2     +  H2SO4                               2 FeSO4 +  H2O +  2 S0                    (2)
                     FeSO4  + H2 SO4  +  O2                Fe2(SO4)3 +   H2O                            (3)
Sulphur formed is simultaneously oxidized depending on the species to H2SO4 which also acts as oxidizing agent for the dissolution of uranium:
                         2S0 +3O2 + 2H2O                     2 H2SO4                                          (4)
 The insoluble uranium (IV) is oxidised to the water soluble uranium (VI) sulphate as:
                         UO2 + Fe2 (SO4)3               Ac.Tf  UO2 SO4 + 2 FeSO4                         (5)
Laboratory, pilot and commercial-scale bioleaching operations have been evaluated in many uranium-producing countries. The potential of this technology was recognized as particularly for the low-grade uranium ores (<0.05% U3O8) that would otherwise be totally uneconomical to process by conventional methods of extraction. During 1952-53, Urgeirica uranium ore of Portugal was subjected to heap bioleaching process on a commercial scale, which was considered as one of the early milestones (Lowson, 1975). Commercial scale extraction of uranium by heap, dump and stope leaching was practised in uranium mines of Elliot Lake in early 1960’s with successful purification of uranium by ion-exchange method (Macgregor, 1966, McCready et al 1990). Leaching in columns, with or without recirculation of the leach liquor is also an important development in uranium recovery. The leachant is percolated through the microfissures/micropores of ore favouring the kinetics by proper solid-liquid contact enabling lesser grinding costs, where ores need not be reduced to finer fractions. Extensive studies were carried out by researchers worldwide (Lizama et al 1989, Ahonen et al 1995, Mousavi et al 2006).  

In Indian context, bio-recovery of uranium from its low grade ores has not been investigated systematically. Therefore, it was considered worthwhile to study the bioleaching of low grade Indian uranium ore by Acidithiobacillus ferrooxidans on bench scale and then to a laboratory scale column (with continuous recirculation of leach liquor). Results obtained from the bio-leaching experiments carried out on laboratory scale (2.5kg) and also on the 80kg column, while varying the particle size at 1.7-1.9pH, are presented in the paper.
MATERIALS & METHODS
Bacteria used in this work were isolated from the mine water of Turamdih mines in 9K+ medium and sub-cultured at 1.7pH and 35oC (Silverman,1959). For column leaching, 10% (v/v) culture was adapted on 5% (w/v) ore at 1.7pH for 15days. The growth of bacteria was estimated through microbiological enumeration of cell count and rate of oxidation of ferrous ion to ferric form. 
Low grade uranium ore (0.024-0.03% U3O8) was obtained from Turamdih mines, Jharkhand, India. A representative sample was prepared by coning and quartering for chemical analysis of uranium by Fluorimeter (Model: ECIL-FL 6224) and for other metals by AAS (Model: GBC 908BT). The chemical composition of the ore for large scale (80kg) experiments was 0.0278% U3O8, 10.64% Fe, 0.093% Cu, 0.048% Ni, 0.056% Co, 47.4% SiO2, 1.085% CaO, 0.383% TiO2, 0.168% S and 15.5% Al2O3. For laboratory column, the ore was analysed to contain 0.024% U3O8, 11.05% Fe, 0.090% Cu, 0.049% Ni, 0.058% Co, 47.6% SiO2, 1.092% CaO, 0.412% TiO2, 0.172% S and 15.5% Al2O3. XRD analysis of the ore showed silica, alumina and magnetite as the major phases while aluminium silicate, ferro-silicate and hematite being minor phases. Uranium was present as uraninite (UO2). The SEM microphotograph (Fig.1) of the ore showed the presence of uraninite in quartz-silicate envelope.

Fig.1: - SEM Microphotograph of Quartz-Silicate (Q-S) ore of uranium (5000X)

Bench Scale Bioleaching of Uranium
The bench scale leaching experiments were carried out in 500mL Erlenmeyer flasks in an orbital motion incubator shaker. Flasks with 200mL of slurry with ore were inoculated with 10 %(v/v) of active liquid culture containing 7.2×107 cells/mL. Conditions like 35+0.2oC temperature, pH 2, PD 20 % (w/v), while shaking at 100 rpm were maintained unless otherwise stated. All the inoculated sets had their corresponding sterile (control) sets prepared under the same conditions. Upon termination of the leaching experiments, the solid residues were dried and samples were taken for chemical analysis and XRD phase identification. 

Column Bioleaching Experiments
Fig. 2(a-b) shows the schematic diagram of the set-up for 2.5kg and 80kg scale column leaching. The laboratory column (Fig.2-a) was fabricated from 0.2cm thick Plexiglass, 75cm high and 6.5cm I.D. A high density support rubber cork with a 10mm hole was placed in the bottom of the column. The column was sprayed with the bacterial solution (10L) using metering pump by means of a garden type sprinkler at the rate of 3L/h, while re-circulating the leach solution. The leachant had 10% inoculum (cell count of 6.4 × 107 cells/mL). For large scale experiment (Fig.2-b), the column was made of rubber lined MS packed with 80kg ore, and 360L leachant was circulated at a flow rate of 55L/h through shower for ~9h daily. The leachant contained 10%inoculum (cell density of 6.9 × 105 cells/mL) at pH 1.7. 
                  

Fig.2: Schematic Diagram of Bio-leaching Column- a) 2.5kg scale; b) 80kg scale
Sample from the feed and leach liquor were drawn and analyzed to estimate the extent of metal dissolution. Cell count was determined in a Petroff-Hauser counter with Leica biological microscope.  Fe(II) ion concentration was estimated by titration against K2Cr2O7 whereas total iron concentration was analysed by AAS. The pH of the leach solution was maintained on a daily basis in the desired range (1.7-2.0) using commercial grade 10N sulphuric acid and 5% alkali solution (sodium carbonate and sodium bicarbonate in ratio of 3:2). The redox potential (Eh) was recorded against SCE. 

RESULTS AND DISCUSSION
    
Microbial Isolation and its adaptation
Bacteria (Ac.Tf) were isolated from the source mine water in 9K media and the cell count was recorded. The fully grown culture from the Turamdih mine water had 7.7 x 107 cells/mL in 12 days which was evident from the increase in Eh from 375 mV to 565 mV. This clearly indicated the increase in microbial growth with increase in cell number due to the oxidation of ferrous ion (Fig.3). Acidithiobacillus ferrooxidans showed maximum activity in terms of iron oxidizing ability at pH 1.7-2.0. At pH above 2.5, the growth of bacteria was hindered due to precipitation of jarosite on cell walls and eventual collapsing of cell.


Fig.3: Bacterial growth with change in redox potential at pH 1.7.

Bioleaching of Uranium on Bench Scale 
The effect of various parameters viz., particle size, pulp density (PD), pH and temperature was studied for uranium bio-leaching at bench scale, in shake flasks. 
On varying the particle size from 75µm to <45µm at constant PD of 20%(w/v),1.7pH and 35oC temperature, uranium bio-recovery was 91% with the ore particles of size 53m - 45m size as compared to 78% uranium dissolution for <45m size (Fig.4) in 30 days. It may be seen that fine particles have better leachability but after certain fineness, the permeability of the lixiviant is decreased and hence leachability of material falls drastically. This could be the result of better permeation of the microbe and also the leachant in the 53µm - 45µm size particles to oxidize the pyrite present in the ore. 

Fig.4: Effect of particle size on uranium biorecovery at pH1.7, 20%PD and 35oC

The effect of variation of pulp density in the range 5-30% (w/v) was also examined for bio-dissolution of metals with particles of <75µm size, while shaking at 100 rpm at pH 2.0 and 350C temperature (Fig.5a). Biorecovery (98%) was maximum at 20% PD with a rise in Eh from 590 mV to 715 mV in 40 days at pH2.0. At a pulp density of 10% and pH 2.0, the uranium recovery was also fairly high i.e.; 96% with a rise in Eh from 598 mV to 674 mV during this period. In control experiments, highest recovery was 73% at 20%PD in 30 days thus explaining the importance of bacterial action for oxidation of Fe2+ to Fe3+, which facilitated conversion of U(IV) to U(VI). On varying the pH from 1.3-2.5, biorecovery of uranium was found to be in the range 70% to 79%, excepting at pH 1.7 as uranium dissolution was maximum of 98% (Fig.5b). Involvement of Fe(III) in the oxidation of U(IV) showed indirect mechanism operating  in bio-dissolution of uranium with Ac.Tf.


Fig.5a&b: Uranium biorecovery with varying a)PD at pH2.0; b)pH at 20%PD using <75µm particles at 35oC

Bioleaching in Column
The effect of pH on uranium recovery was evaluated with equal load of ore (2.5kg) in laboratory scale column. The uranium bio-leach recovery was found to be 58.91% at pH 1.7 as against 56.82% at pH 1.9 in 40days (Fig.6). The dissolution of uranium in chemical leaching was low of 47.91% in 40 days at 35oC and 1.7pH. The extraction rate increased particularly rapidly at the lower pH of 1.7 where redox potential increased from 530 to 635mV with corresponding decrease in Fe (II) to 0.12g/L in 40days time, showing consumption of Fe(III) in leaching. In case of control leaching, redox potential varied in the range 350 to 564mV for the same period.

Fig.6: Uranium bio-recovery in 2.5kg column at 1.7 & 1.9pH.
Column bioleaching on 80kg scale was carried out in two columns, one for bioleaching and another for control leaching with a flow of lixiviant at ~9 h/day basis for 50days. The results reported in Fig.7 showed an appreciable bio-recovery of 69.8% at 1.7pH against a control recovery of 55% in 50 days. Biorecovery may be correlated with rise in redox potential from 325 to 638mV and cell count of Ac.Tf from 6.3 × 107 to 2.66 × 1010 cells/mL in 50 days. 

Fig.7: Uranium recovery in 80kg scale column at 1.7pH
CONCLUSIONS
1. Native Acidithiobacillus ferrooxidans isolated from mine water of the ore showed bioleaching ability of uranium from its low grade quartz-silicate ore on bench scale and also in columns.
2. The solubilisation of uranium from its ore is a biochemical process governed by various parameters like pH, pulp density and particle size, which were optimised at bench scale in shake flask. The optimised conditions for uranium bioleaching are found to be 20%(w/v)PD,1.7pH using <75µm particles at 35oC. The parameters for the leaching of metal and ferric ions concentration in solution clearly suggest the involvement of indirect leaching mechanism, with this bacterium.
3. For 2.5 kg laboratory column, 58.91% uranium bio-recovery is recorded in 40days at 1.7pH as against 56.82% at 1.9pH with respective maximum Eh of 635mV and 623mV. Control experiment yields a lower recovery of 47.91% in 40days at 1.7pH. On large scale (80kg), bio-recovery of 69.80% at 1.7pH against a control recovery of 55.12% in 50 days is achieved with rise in Eh from 325 to 638mV and 332 to 614mV. The cell counts increases from 6.3x107 to 2.66 × 1010 cells/mL in 50 days, which aids the oxidation of iron (II) while favouring the uranium recovery by indirect mechanism.
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